In angiosperms, spermatozoa go by pair in each pollen grain and fertilize, in addition to the egg cell, one of its sister cells, called the central cell. This ''double fertilization'' leads to the embryo on the one hand and to its nutritive tissue, the endosperm, on the other hand. In addition, in most flowering plants, the endosperm is triploid because of a doubled maternal genetic contribution in the central cell. Most of the hypotheses trying to explain these eccentricities rest on the assumption of a male/female conflict over seed resource allocation. We investigate an alternative hypothesis on the basis of the masking of deleterious alleles. Using analytical methods, we show that a doubled maternal contribution and double fertilization tend to be favored in a wide range of conditions when deleterious mutations alter the function of the endosperm. Furthermore, we show that these conditions vary depending on whether these traits are under male or female control, which allows us to describe a new type of male/female conflict.
F
EMALES provision their offspring with resources. These resources can be accumulated before fertilization. When some of the gametes are not fertilized, this strategy is extremely wasteful. In a number of species, females have evolved conditional strategies avoiding this problem-in particular by providing most resources after fertilization [i.e., to diploid offspring instead of haploid gametes (Westoby and Rice 1982; Baroux et al. 2002) ]. This postfertilization provisioning occurs, for instance, in viviparous animals, such as mammals, some reptiles (De Fraipont et al. 1996) , some sharks (Wourms 1993), some scorpions (Brown and Formanowicz 1996) , and velvet worms (Tutt et al. 2002) . In plants, resource provisioning to offspring can also occur before or after fertilization.
The life cycle of plants typically alternates a sporophytic stage (2n) and a gametophytic stage (n) that are both multicellular. A newly formed sporophyte (the diploid zygote) will typically use the resources accumulated in tissues derived from the female haploid gametophyte and not in tissues derived from the diploid sporophyte. For instance, in ferns and mosses, the new embryo develops ''parasitically'' on the free gametophyte. In gymnosperms, the embryo acquires its resource from a nonfree female gametophyte (it is encapsulated within sporophytic tissues). In some of them (cycads and ginkgoes) the resource is fully accumulated before fertilization, while in some others (Pinaceae) the resource accumulates both before and after fertilization (Friedman 2001b) . The former situation is comparable to what happens in many fish while the latter is comparable to what happens in many bird species (egg formation before fertilization and incubation after fertilization). In angiosperms, resource provisioning to the seed really starts after fertilization (Friedman 2001b ), a situation comparable to placental mammals ( Figure 1 ).
Compared to other seed plants, the case of angiosperms is complicated by the occurrence of a ''double fertilization'' (Nawaschin 1898; Guignard 1899): two identical (mitotically derived) spermatozoa from a single pollen grain fertilize in parallel two cells of the female gametophyte. The fertilization of the egg cell produces the embryo. The fertilization of the central cell produces the endosperm, a specific organ that serves as an interface for resource transfer between the diploid mother and its offspring (like the placenta in mammals). This tissue can either be transitory or serve as a storage tissue in the seed. In this article, we study the evolution of this nutritive tissue. More specifically, we focus on the evolution of its genetic constitution.
The diversity of endosperms reflects directly the diversity of female gametophytes (Friedman et al. 2008) . In some angiosperms [Austrobaileyales (Friedman et al. 2003) , Oenothera (Maheshwari 1963) , and Nympheales (Williams and Friedman 2002) ], the female gametophyte is made of four haploid cells that are mitotically derived from a single spore. One of them is the central cell and contains one maternal contribution (1m). This type of gametophyte is referred to as ''Oenothera.'' After double fertilization (which adds one paternal contribution, 1p), the central cell becomes a diploid endosperm (1m:1p). This endosperm is genetically identical to the embryo. In other angiosperms, the female gametophyte is eight-nucleated, but seven-celled 1 because the central cell remains binucleate (2m). This type of gametophyte is referred to as ''Polygonum.'' Double fertilization again carries one paternal contribution (1p). Thus, the central cell becomes a triploid endosperm (2m:1p). Other types of female gametophytes can be found sporadically among angiosperms. They are characterized by an increased number of maternal contributions in the central cell and/or by polyspory. These types are derived from the Polygonum type and we do not consider them further. As already mentioned, in gymnosperms and ferns the embryo feeds directly on the haploid female gametophyte (1m:0p), which can be considered as the ancestral state of the nutritive tissue.
In this article, we focus on the evolution of double fertilization (DF) (0p / 1p) and maternal contribution doubling (MCD) (1m / 2m) from this 1m:0p ancestral state. In principle, two scenarios can be considered (Figure 2 ). In the first scenario, DF evolves before MCD (1m:0p / 1m:1p / 2m:1p). In the second, MCD evolves first and DF second (1m:0p / 2m:0p / 2m:1p). The latter scenario involves an additional step (secondary loss of the second maternal contribution, 2m:1p / 1m:1p) to account for the occurrence of 1m:1p endosperms in Nympheales (Nuphar, Nymphea, Cabomba) and the Illiciales-Trimeniaceae-Austrobaileyaceae clade (Schisandra, Illicium). It is therefore less parsimonious. For this reason, we consider only the first scenario (1m:0p / 1m:1p / 2m:1p) in this article.
Three main theories have been proposed to explain the evolution of DF and MCD. They all rely on the fact that some resources are accumulated to the seed after fertilization. The first theory proposes that postfertilization resource allocation triggers a genetic conflict over resource allocation among parents and/or offspring. Indeed, an antagonistic coevolution can occur between the male, the female, and/or the embryos when their optimal seed sizes differ, to take control over resource allocation (Trivers 1974; Haig 2000) . Because the endosperm plays a pivotal role in the control of resource allocation, DF and MCD are considered in this theory to be adaptations allowing the father and the mother to take and take back the control over resource allocation, respectively (Charnov 1979; Westoby and Rice 1982; Queller 1983; Willson and Burley 1983; Law and Cannings 1984; Bulmer 1986; Shaanker et al. 1988; Haig and Westoby 1989; Friedman 1995; Shaanker and Ganeshaiah 1997; Nilsson 1999, 2001 ). These ''allocation conflict theories'' include the kinship theory of genomic imprinting (Haig 2000 (Haig , 2004 De Jong et al. 2005) and have received the most extensive theoretical development.
A second theory (hereafter metabolic theory) proposes that DF and MCD evolve because of the metabolic properties of polyploid tissues (Stebbins 1976; Donoghue and Scheiner 1992) . More specifically, the idea is that DF and MCD increase the endosperm ploidy level, which enhances its postfertilization metabolic efficiency (increased transcription rate, increased cell size, and resource storage). The problem with this view is that endomitosis would achieve the same effect and is very common at the beginning of gametophyte/endosperm development in both angiosperm and gymnosperm (Friedman 2001a,b) : DF and MCD seem unnecessary Figure 2.-Possible scenarios for the evolution of the genetic makeup of the embryo nutritive tissue, modified from Friedman and Ryerson (2009) . In the left scenario, there are one 1m:0p / 1m:1p transition and two 1m:1p / 2m:1p transitions and thus three steps. In the right scenario, there are one 1m:0p / 2m:0p transition, one 2m:0p / 2m:1p transition, and two 2m:1p / 1m:1p transitions and thus four steps. In addition, the latter scenario involves a 2m:0p state that has never been observed in any taxa.
to increase ploidy in the endosperm in the first place. Moreover, this theory does not account for the presence of a male nucleus specifically (Willson and Burley 1983) .
A third theory proposes that DF and MCD evolve because of the genetic properties of polyploid tissues (Brink and Cooper 1940) . More specifically, the idea is that DF combines two different genomes (maternal and paternal) in the nutritive tissue, which masks the effect of recessive deleterious mutations and thus enhances the postfertilization metabolic efficiency of the nutritive tissue. Following Friedman et al. (2008) , we refer to this theory as the ''heterozygosity theory.'' The heterozygosity theory explanation for endosperm's genetic evolution seems close to explanations for ploidy evolution. Several models have been worked out to understand the effect of the masking of deleterious mutations in the evolution of ploidy levels (Perrot et al. 1991; Bengtsson 1992; Otto and Goldstein 1992) . These models have shown that masking protects diploid individuals from the effect of recessive deleterious mutations, but that it also reduces the elimination of these mutations from the population, creating genetic association favorable to haploidy (Otto and Goldstein 1992) . The problem of the evolution of the genetic constitution of the endosperm is, however, not directly comparable to the problem of life cycles evolution. First, the phenotype under selection (e.g., resource in the seed) is at least partly determined by the genotype of the nutritive tissue (the gametophyte or the endosperm), which can differ from the genotype of the diploid embryo. Second, double fertilization is not symmetrical with respect to sexes: it masks maternal alleles but reveals paternal alleles in the endosperm. Third, double fertilization can be under pollen and/or female gametophyte control, while the timing of meiosis in life cycle evolution is controlled by the diploid stage. In fact, no formal model has been created to explore specifically the heterozygosity theory. The aim of this article is to develop such models.
We build two models to study the evolution of DF and MCD. More explicitly, we study the evolution of a modifier locus that changes their probability of occurrence. We show that masking deleterious mutations can favor both DF and MCD. However, unlike models for the evolution of ploidy, we find conditions where DF evolves in opposite directions depending on the sex where the modifier is expressed. In different conditions, the same scheme occurs for MCD. This situation reveals that male/female conflict extends well beyond the problem of resource allocation to embryos: a conflict can also occur over the genetic constitution of embryos' nutritive tissues.
MODEL
We analyze the evolution of DF and MCD in two distinct deterministic models. Both involve two linked diallelic loci. The first one (the viability locus) is subject to deleterious mutations and determines the survival of the embryo while the other one (the modifier locus) controls the probability of DF or MCD.
Life cycle: To build each model, we first write exact recursions of the frequency of the different haploid genotypes. We follow the different events in the life cycle over one generation, which alternates a gametophytic haploid with a sporophytic diploid stage (Figure 3) . We start at the gametophytic stage. The male gametophyte (pollen) contains two identical sperm cells (they are mitotically derived). The female gametophyte (embryo sac) contains also a given number of genetically identical cells, among which are the egg cell and the central cell. First, fertilization occurs in a panmictic way (pairing one pollen grain with one embryo sac). The genetic constitution of the endosperm is determined at this stage, but differently in the different models (see below). Second, the nutritive tissue and the embryo develop (seed formation). Selection occurs among seeds in the population, on the basis of the genotype of their nutritive tissue. Third, the surviving embryos become hermaphroditic sporophytes and produce haploid spores through meiosis (where the two loci recombine at a rate R). Finally, the spores undergo mutation and each produces a new gametophyte through mitosis. To describe the different events in this life cycle, we introduce several parameters, specific to each locus. We present each locus in turn.
Viability locus: The first locus is expressed in the embryo's nutritive tissue (we refer to this tissue as the endosperm) where it potentially affects any function (e.g., the accumulation or the transfer of resources to the embryo or the protection of the embryo). This function, in turn, determines the survival of the embryo. We model this directly by assigning different viabilities to embryos associated to different endosperm genotypes. We consider that recurrent deleterious mutations occur at a rate m at the viability locus. We denote P a the frequency of a (the deleterious allele) and P A the Figure 3. -Life cycle. The sporophyte is born from the fertilization of a male gamete and a female gamete. These gametes are produced by the male and female gametophytes (the pollen and the embryo sac, respectively). In the sporophyte's sexual organs, meiosis produces spores that develop in new gametophytes.
frequency of A (the wild-type allele). The embryos associated to a nutritive tissue that carries only the wild-type allele (A, AA, AAA) have a survival of 1. Those associated to a nutritive tissue that carries only the deleterious allele (a, aa, aaa) have a survival of 1 À s. The embryos associated to a heterozygous nutritive tissue have survival 1 À hs, 1 À h 1 s, and 1 À h 2 s for Aa, aaA, and AAa genotypes, respectively. The parameters h, h 1 , and h 2 are the coefficients of dominance of a on A. We consider h 1 $ h 2 (a alleles are more exposed in aaA endosperms than in aAA endosperms). Because we assume that W a ¼ W aa ¼ W aaa and W A ¼ W AA ¼ W AAA , our model excludes potential effects of gene copy number (i.e., dosage effects in ''metabolic theory''). Because we do not introduce any competition between embryos or endosperms produced by the same sporophyte (the viability of a given embryo depends only on the genotype at the viability locus of its own endosperm), our model excludes any effect involved in the allocation conflict theories. In fact, our model can be understood as if there was a single female gametophyte produced by each sporophyte. Thus, by construction, our model focuses exclusively on the heterozygosity theory.
Modifier locus: The second locus controls the genetic constitution of the nutritive tissue. More specifically, it controls the rate of double fertilization (i.e., 1m:0p vs. 1m:1p, in the DF model) or the rate of doubling of maternal contribution (i.e., 1m:1p vs. 2m:1p, in the MCD model). We consider two alleles M and m with frequency P M and P m , respectively. In each model, the modifier locus is expressed in the pollen (paternal control), the embryo sac (maternal control), or both (biparental control). In the first two cases, the expression of the modifier locus is haploid. In these cases, we denote n M or n m the probability of double fertilization (or maternal contribution doubling) when the gametophyte controlling the trait carries the M or the m allele, respectively. In the biparental case, we assume that the modifier effect is additive (i.e., the probabilities of DF and MCD are n M , (n M 1 n m )/2, and n m when the embryo is MM, Mm, and mm, respectively). To give a concrete example, in a DF model with a paternal control of the modifier locus, the mating between AM male gametophytes (pollen) and am female gametophytes will produce a proportion n M of embryos whose nutritive tissue is 1m:1p (Aa, with fitness 1 À hs) and a proportion 1 À n M embryos whose nutritive tissue is 1m:0p (a, with fitness 1 À s). Tables 1 and 2 summarize all these notations. Without loss of generality, we discuss the fate of modifier alleles that increase the probabilities of DF and MCD (n m . n M ).
Recursion equations: The recursion equations describing the dynamics of the model are given in appendix a for the case of the evolution of DF with a paternal control. These recursions can be written for the frequency of the four haplotypes (p aM , p Am , p AM , and p am ). Equivalently, they can be expressed for the allele frequencies (p m and p a ) and linkage disequilibrium
In this case, we define C am such that it is positive when the modifier allele (m) is positively associated to the deleterious allele at the viability locus (a). To fully understand the model, we also describe the population during the diploid phase. In diploids, several genetic associations C U,V analogous to C am can be defined (as in, e.g., Barton and Turelli 1991) , where U denotes a set of alleles on the maternally inherited chromosome and V a set of alleles in the paternally inherited chromosome. In our case, we have two biallelic loci and we have therefore 11 associations: C a;m ; C m;a ; C am;; ; C ;;am ; C a;a ; C m;m ; 
; C m;am ; C am;a ; C am;m ; and C am;am . For instance, the C a,m association measures the fact that the presence of the a allele on the maternally inherited chromosome covaries with the presence of the m allele on the paternally inherited chromosome.
ANALYSIS
We analyze DF and MCD models with two complementary methods: quasi-linkage equilibrium, (QLE) and stability analysis (see, e.g., Otto and Day 2007) . In these two methods, we assume that the frequency of deleterious mutations p a is close to its equilibrium value (noted p a *) and small (which entails that C am is also small). This assumption requires that m > s. This is the only common assumption to the two approaches. In the QLE approach, we also assume that s is small, R is large, and the modifier has a weak effect. In the stability analysis, the only additional assumption to m > s is that the modifier frequency is small. To easily define the orders of magnitude, we use a small parameter j as a scaling throughout.
The QLE analysis assumes that linkage disequilibrium equilibrates much faster than allele frequencies, so that it can be considered to always be at a ''quasi-equilibrium.'' This approach works best if the modifier effect is small and the recombination rate large (that is why we consider n M ¼ n and n m ¼ n 1 d n , where d n is proportional to j; in the case of a modifier with a specifically maternal or paternal effect, we write d n,; and d ;,n instead of d n , respectively). With this approach, we focus on convergence stability. We perform the stability analysis to assess the robustness of this QLE analysis and to investigate what is going on for low recombination rate. This method considers the fate of the modifier introduced at a low frequency in a population at equilibrium at the viability locus. We first start by studying the DF model.
Mutation-selection at the viability locus in the DF model: To start, it is important to understand what is going on at the viability locus alone. According to the assumptions given above for the QLE approach, the change over one generation (noted with D) of the frequency of the deleterious allele at the viability locus is
and thus, at equilibrium (Dp a ¼ 0), the frequency of the a allele (noted with an asterisk) depends on the rate of double fertilization (n):
The same equations are obtained under the assumption of the stability analysis, except that the orders of the two equations are OðjÞ 2 and OðjÞ, respectively. With complete double fertilization (n ¼ 1), the endosperm is diploid and we retrieve the equilibrium frequency of a deleterious mutation under diploid selection (m/hs). However, with no double fertilization (n ¼ 0), p a * ¼ 2m=s: the efficiency of selection is halved compared to the classic haploid selection situation (m/s). Indeed, half the alleles (the paternal ones) are not exposed to selection since they are in the embryo, but not in the endosperm. Interestingly, this result points out that having a haploid endosperm is not equivalent to haploidy. Note that the equilibrium described above is a good approximation only if h . s when n is close to 1. A more complicated approximation can be found for small values of h and 1 À n (see Chasnov 2000 for a similar treatment), but, as explained below, a better approximation is not necessary to accurately predict how DF and MCD evolve in our models.
QLE analysis of the DF model: We compute the overall frequency change at the modifier locus Dp m as a sum of two terms. The first, Dp , is proportional to C am and corresponds to indirect selection. Under the QLE assumptions given above, we obtain at leading orders
We study these terms separately for two reasons. First they represent qualitatively different processes. Second, their relative magnitude varies in different ways throughout the parameter range (e.g., we expect indirect selection to become increasingly important as R decreases and direct selection to vanish when h becomes close to 1 2 ), and it is therefore quantitatively useful to combine their leading orders.
Direct selection: The sign of Dp direct m is given by the sign of 1 2 À h. When mutations are recessive (h , 1 2 ), direct selection favors the evolution of DF. In fact, h can be understood as the ''exposition'' (to selection) of the a allele in a 1m:1p seed, while 1 2 can be understood as its exposition in a 1m:0p seed. Indeed, as said before, only half the a alleles (the maternally inherited ones) are exposed to selection in 1m:0p endosperms. Direct selection simply tends to minimize the exposition of the deleterious alleles. This effect is quite different from the ''masking effect'' described in models of ploidy evolution (Otto and Goldstein 1992) . In these models, exposition of the deleterious alleles is always greater with haploidy (Aa individuals have a better survival than haploid a individuals as long as h , 1), but this is compensated by the fact that a diploid individual has twice the chance to carry a deleterious mutation (it has two alleles). As a consequence, diploidy is favored by direct selection when exposition (h) is at least halved to compensate for this doubled risk of inheriting a deleterious mutation (i.e., when h , 1 2 ). In contrast, in our model, all individuals have the same risk to carry a deleterious mutation (all embryos are diploid), but the exposition of the deleterious alleles is greater with 1m:0p only if h , 1 2 (because only half the alleles, the maternal ones, are exposed to selection without DF).
Indirect selection: The sign of Dp indirect m directly depends on the sign of the linkage disequilibrium C am . To evaluate indirect selection more precisely, it is useful to express the value of C am in terms of the model's parameters. Under the QLE assumptions, C am reaches a pseudoequilibrium value (C QLE am ) that is obtained by solving DC am ¼ 0, yielding
where K ¼ 1 À R, R, and 1 2 for maternal, paternal, or biparental expression of the modifier locus, respectively. Thus, the sign of C QLE am depends entirely on the sign of K À h, that is, of 1 À R À h, R À h, and 1 2 À h, for maternal, paternal, and biparental expression of the modifier locus, respectively. This result can be interpreted by following step by step how the linkage disequilibrium is built through selection and meiosis.
Building of genetic associations by selection: A lower exposition of deleterious alleles is immediately beneficial to an individual but leads to their accumulation. More specifically, in diploid embryos, deleterious mutations tend to become associated to modifier alleles that minimize exposition. A paternally acting modifier exposes the deleterious allele carried on the paternal chromosome (exposition is increased from 0 to h in the case of DF), which enhances the purge of these paternally inherited chromosomes. As a consequence, a paternally acting modifier tends to become associated to less loaded paternal chromosomes (C9 ;;am À C ;;am , 0, where the prime indicates that the association is measured after selection):
On the contrary, a paternally acting modifier always reduces the exposition of the deleterious alleles carried on the maternal chromosome (from 1 to h when there is DF), which reduces purging on these chromosomes and generates more loaded maternal chromosomes (C9 a;m À C a;m . 0):
The exact opposite occurs for a maternally acting modifier (C9 am;; À C am;; . 0 and C9 m;a À C m;a , 0):
All of these effects occur when the modifier has an effect in both male and female gametophytes (i.e., in the biparental case).
Effect of meiosis: The haploid linkage disequilibrium after meiosis (C9 am ) results from the diploid associations as
(Barton and Turelli 1991); i.e., the diploid cisassociations are carried over at a rate 1 À R while the diploid trans-associations are transformed into C am at a rate R. In particular, as the recombination rate becomes lower, cis-associations contribute more to generating C am . Combining Equations 5-9, one easily retrieves Equation 4. For example, with a paternally acting modifier, the cis-association C ;,am is proportional to Àh, while the trans-association C a,m is proportional to 1 À h. Because recombination breaks up cis-associations and transforms trans-associations into haploid cis-associations (Equation 9), the modifier stays overall associated to purged genomes (and favored by indirect selection) when Figure 4A ). In the case of a maternally acting modifier, the roles of cis-and trans-associations (and thus the effect of recombination) are reversed. The modifier stays overall associated to purged genomes when Figure 4B ). In the biparental case, the four associations C am;; ; C ;;am ; C a;m ; C m;a play a role and the effect of recombination cancels out. The modifier stays overall associated to purged genomes when (1 
The sign of s m depends on the term within the brackets.
In Figure 4 , we illustrate the conditions where s m is positive. When R ¼ 
On the contrary, with a maternally acting modifier, DF is favored from h ¼ 0 up to h with a maternal expression of the modifier locus. Note that in both the maternal and the paternal case, an intermediate unstable equilibrium (n different from zero or one) exists in a very small portion of the parameter space when h is between h* and h* 1 DH , where
In this region, the evolutionary outcome depends on initial conditions. Above h* 1 DH , DF is disfavored. DF is selected in different conditions depending on whether the modifier locus is paternally or maternally expressed (h mat * DF 6 ¼ h pat * DF ); it is a case of male/female conflict. With a biparentally expressed modifier, direct and indirect selection has always opposite signs, but indirect selection is never strong enough to counterbalance direct selection. Thus, the critical value of h below which DF is favored is 1 2 regardless of other parameter values.
Stability analysis of the DF model: To check the QLE analysis for small R values, we perform a stability analysis. To do so, we consider a population where M is fixed (p Am ¼ p am ¼ 0) and at mutation-selection equilibrium at the viability locus (p aM ¼ p a *, Equation 2). We then compute the frequency change of a rare modifier allele introduced in this population. Technically, we linearize the exact recursions on the Am and am haplotypes, assuming they are rare. We then find the dominant eigenvalue of the transition matrix corresponding to these two equations, yielding
where K 1 and K 2 depend on whether the modifier is maternally, paternally, or biparentally expressed. Their values are given in Table 3 . Assuming that mutations are rare, the rate of DF will evolve through successive fixations in the direction predicted by the sign of l À 1. The results of the stability analysis are qualitatively comparable to those of QLE. The critical value of h below which DF is favored predicted by this analysis is close to the critical value predicted under QLE assumptions (h pat * , h mat * ). In fact, the absolute difference between the critical h values predicted by the two approaches is sd n ð1=8 À 1=16RÞ 1 OðsÞ 2 , which is negligible when R is large, as expected. In the stability analysis, as in the QLE, an intermediate unstable equilibrium exists in a small portion of the parameter space. In this region, both full and no DF are locally convergent stable states (the outcome depends on initial conditions). The area of this region is very small, $s/32 (if one considers that the parameter space is h 2 ½0; 1 and R 2 ½0; 0:5). This small region is illustrated in Figure 5 . In a slightly larger region of the parameter space around the latter, a single convergent stable state is present, but is not stable faced with mutations of large effects. In all cases, the results between QLE and stability analysis are very comparable and qualitatively identical. We now switch to the MCD model.
MCD model analysis:
We analyze this model in the same way as the DF model, using the same assumptions.
Mutation-selection at the viability locus: The mutationselection equilibrium at the viability locus is Figure 4. -Illustration of the QLE analysis of the DF and MCD models. The direction of selection at the modifier locus is indicated for different h (x-axis) and R (y-axis) values. In A and B (DF model), 1m:1p is favored in the shaded area whereas 1m:0p is favored in the open area. In C and D (MCD model), 2m:1p is favored in the shaded area whereas 1m:1p is favored in the open area. A, C and B, D illustrate paternal and maternal expression of the modifier locus, respectively. In all panels, the dashed area corresponds to a negative linkage disequilibrium (the modifier is associated to the purged chromosome). Direct selection favors DF on the left-hand side of the dashed line (which is h ¼ 
where h m ¼ (h 1 1 h 2 )/2. This value is comparable to the equilibrium frequency in the DF model (Equation 2). Indeed, in the DF model, the exposition of the a allele ranges from h (full DF) to 1 2 (no DF). Similarly, in the MCD model, the exposition of the a allele ranges from h m (full MCD) to h (no MCD).
Frequency change at the modifer locus: The frequency change at the modifier locus is determined by direct and indirect selection, as in Equation 3:
The sign of direct selection is given by the sign of h À h m ; i.e., direct selection favors the state where the average exposition of deleterious alleles is maximal. This term favors MCD when h m , h. The sign of indirect selection depends directly on the sign of C am , whose QLE value has the same form as in Equation 4, 
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where K ¼ 0, ð1 À 2RÞððh 2 À h 1 Þ=2Þ, and ð1 À 2RÞððh 1 À h 2 Þ=2Þ for biparental, paternal, and maternal expression of the modifier locus, respectively. In the very likely situation where h 1 . h 2 , K is positive for a maternally expressed modifier and negative for a paternally expressed one. Because the sign of C am depends entirely on the sign of K 1 h À h m , it is therefore more easily positive with a maternal expression of the modifier locus. The way cis-and trans-associations are built by selection is qualitatively the same as in the DF model: 
An important difference between DF and MCD is that MCD can increase or decrease the exposition of maternally inherited deleterious alleles (depending on the value of h 1 , the exposition of the a allele in aaA endosperms) and can increase or decrease the exposition of paternally inherited deleterious alleles (depending on the value of h 2 , the exposition of the a allele in AAa endosperms). For instance, a paternally acting modifier increasing MCD decreases the exposition of the deleterious allele carried on the paternal chromosome from h to h 1 , if h . h 1 , but increases it if h , h 1 . In the first case, the paternally acting modifier tends to become associated to more loaded paternal chromosomes (C9 ;;am À C ;;am . 0), while in the second case it tends to become associated to less loaded chromosomes (C9 ;;am À C ;;am , 0). Combining Equations 17-20 with Equation 9, one easily retrieves the value of C QLE am . With uniparental expression of the modifier locus, three configurations can occur. In the case where h 2 , h , h 1 , the situation is ''reversed'' compared to what happens in the DF model, because in these conditions MCD increases the maternal allele's exposition and decreases the paternal allele's one. For instance, for a paternally acting modifier, the cis-association C ;,am is proportional to h À h 2 (positive), while the trans-association C a,m is proportional to h À h 1 (negative). The modifier stays overall associated to purged genomes when Figure 4C ). For a maternally acting modifier, the modifier stays overall associated to purged genomes Figure 4D ). In the case of biparental expression of the modifier locus, the effect of recombination cancels out as in the DF model, and the modifier stays overall associated to purged genomes when h m . h. In the second case, where h 2 , h 1 , h, both maternal and paternal alleles have a better exposition at the 2m:1p state. The haploid linkage disequilibrium C am is always negative. On the contrary, in the third case, where h , h 2 , h 1 , both maternal and paternal alleles have a better exposition at the 1m:1p state and C am is always positive.
Overall selection on the modifier: The selection coefficient at the modifier locus at QLE is of the same form as Equation 10:
In Figure 4 , we illustrate the conditions where s m is positive. As in the DF model, there is in most cases only one convergent stable state (either full or no MCD). However, in a region of the parameter space full and no MCD may be both convergent stable states and their domain of attraction is determined by an unstable intermediate equilibrium. As in the DF model, this region is, however, very small. When R ¼ 
which is narrower than from h ¼ 1 down to h ¼ h m . On the contrary, with a maternally acting modifier, MCD is favored from h ¼ 1 to h mat * MCD ¼ h m À H MCD crit , which is wider than from h ¼ 1 to h ¼ h m . Like DF, MCD may be selected or counterselected depending on whether the modifier locus is paternally or maternally expressed. When the recombination rate is low, there is a male/ female conflict regarding MCD evolution. With a biparentally expressed modifier, indirect selection is never strong enough to oppose direct selection: MCD is favored when h m , h.
Stability analysis: We make a stability analysis as for the DF model. The dominant eigenvalue of the matrix is
where " n ¼ ðn M 1 n m Þ=2 and where K 1 and K 2 depend on whether the modifier is maternally, paternally, or biparentally expressed. Their values are given in Table 3 .
The direction of selection is illustrated in Figure 4 . As in the DF model, the QLE and the stability analysis yield comparable results. The absolute difference between the critical h values predicted by the two approaches is sd n ðh 1 À h 2 Þ 2 ð1=8 À 1=16RÞ 1 OðsÞ 2 , which is negligible when R is large, as expected. As in the DF model, there is also a small region of the parameter space with an intermediate unstable equilibrium, but it is so small that it can hardly be seen in Figure 5 .
Combining the evolution of DF and MCD: So far, we have described the conditions favoring DF and MCD independently. We now consider how these conditions combine to give an overall picture of the evolution of the different types of endosperms (1m:0p, 1m:1p, and 2m:1p). There are a large number of possibilities depending on the relative values of h 1 , h 2 , and h. Considering that h 2 , h , h 1 [as one would expect following the classical metabolic theory of dominance (Kacser and Burns 1981) ] and that h m , 1 2 , we can delineate seven cases. They are illustrated in Figure 6 . However, all seven cases are not equally plausible. In particular, h is very likely to be , 1 2 since the deleterious mutations have always been found to be recessive on average in various diploid taxa (see, e.g., García-Dorado and Caballero 2000; Vassilieva et al. 2000; Szafraniec et al. 2003) . With this additional condition, only six cases are possible (all but case 7 in Figure 6 ). With a high recombination rate (i.e., from the conditions where a male/female conflict occurs), only two evolutionary Figure 6 ). For lower recombination rates, four other possibilities can also occur, including the 1m:0p case (see cases 3-6 in Figure 6) .
Robustness of the results: These two-locus models are simplified ways to investigate the effect of masking on DF and MCD evolutions. Integrating the overall selection coefficient over a full genome with many viability loci might be achieved by summing the frequency change of the modifier caused independently by each of them (see, e.g., Otto 2003) . This approach is, however, complicated by three factors. First, one would have to integrate over an explicit genetic map (to account for different R values). Second, different loci may exhibit different parameter values (h, h 1 , h 2 , s, m) and the distributions of these parameter values are not well known (including possible correlations between those parameters, for instance, s and h). Third, selective interactions may occur among viability loci and our models do not explore these effects. Finally, we do not incorporate departure from random mating that might affect the conclusions. Future work is required to account for these complications.
DISCUSSION
In this article we modeled the masking of deleterious mutations in the endosperm and its influence on the evolution of DF and MCD. More specifically, we followed the fate of alleles modifying the probability of occurrence of DF or MCD at a modifier locus with a sexlimited expression. In our models, a second locus is expressed in the endosperm and controls the amount of resources available to the embryo. At this locus, deleterious alleles diminish the ability to accumulate resources, and the seeds inheriting this allele have therefore a lower survival rate. In these models, there is no resource reallocation between the different embryos produced by the same mother plant. Thus, all of our results are unrelated to theories based on competition between embryos or kin selection and are attributable only to masking and its possible side effects.
Our work is the first formal demonstration that the masking of deleterious mutations is sufficient for DF and MCD to evolve. In fact, two different effects combine in this theory: first, a direct effect of masking, which depends only on the dominance level of deleterious mutations, and second, an indirect and side effect of masking, proportional to linkage disequilibrium, the value of which depends on whether the expression of the modifier locus is paternal or maternal. The latter effect depends mainly on the values of dominance (h 1 , h 2 , and h) and recombination rate. When the recombination rate is high, the indirect effect is always negligible and evolution favors the state with highest masking. Contrary to what is suggested in the literature (Willson and Burley 1983) , the 1m:1p state is not necessarily the h values for MCD model. In area 1, DF is favored, and MCD is not (1m:1p is thus expected to evolve). In area 2, both DF and MCD are favored (2m:1p evolves). In area 3, DF is favored and MCD is favored only if under maternal control (thus either 1m:1p or 2m:1p may evolve depending on which sex predominantly controls MCD). In area 4, DF is favored only if under paternal control, and MCD is not favored (thus either 1m:0p or 1m:1p may evolve). In area 5 DF is favored only if under paternal control, while MCD is favored only if under maternal control, and thus 1m:0p, 1m:1p, or 2m:1p may be favored. In area 6 DF is favored only if under paternal control and MCD is always favored (either 1m:1p or 2m:1p may evolve). Eventually, in area 7 neither DF nor MCD is favored, and 1m:0p evolves. The figure is drawn using the results of the stability analysis and with m ¼ 10
situation with the strongest masking: for instance, masking can be stronger in 2m:1p than in 1m:1p, when h m , h. When recombination is low, the indirect effect can become predominant and the outcome depends on whether DF or MCD are paternally, maternally, or biparentally controlled.
A new type of male/female conflict: Our results indicate that for low recombination rates, there is a male/female conflict for the genetic constitution of the endosperm. This male/female conflict results from the fact that increasing the exposition of alleles inherited from a given parent diminishes the exposition of alleles inherited from the other one. In the case of paternal expression of the modifier locus, indirect selection increases the range of h values where DF evolves, while it reduces the range of h m values where MCD evolves. Exactly the opposite occurs with maternal expression of the modifier locus. With biparental expression of the modifier locus, the indirect effect is always negligible even when recombination is low. For instance, with R , Evolutions of DF and MCD: Both 2m:1p and 1m:1p endosperms can be found in angiosperms. How can such a diversity be explained? Deleterious mutations tend to be recessive in diploids, with average h ranging between 0.1 and 0.4 depending on the studies (see, e.g., García-Dorado and Caballero 2000; Vassilieva et al. 2000; Szafraniec et al. 2003) . As a consequence, we would expect that paternally expressed genes favoring DF should always spread or be maintained. This is at least the case for the genes that determine the occurrence of two mitotically derived spermatozoa, since this characteristic, which is a necessary condition for DF evolution, is maintained in all angiosperms (but intriguingly also in gymnosperms). We would also expect that maternally expressed genes favoring DF should spread provided that the average recombination rate is not too low. In other words, for low recombination rates, we do not expect DF to be systematically maintained (depending on which sex controls the trait, see Figure  6 ). Among angiosperms with postfertilization resource allocation by the female sporophyte, few have lost DF or at least a functional endosperm, the only ones being Podostemaceae and Trapaceae (Chopra and Sachar 1963) . These species exhibit high selfing rates (Haig 1988) . Including selfing effects in our models will be the purpose of a future study. The Orchidaceae is the other important group where DF occurs but no functional endosperm is present (Chopra and Sachar 1963) . In this group, however, there are virtually no resources allocated by the female sporophyte to the seed: the seedlings acquire resources through mycorrhiza. Thus, the degeneration of endosperm in orchids may be unrelated to DF or MCD evolution.
Compared to diploids, little is known about the typical dominance of deleterious mutations in triploids (i.e., the dominance h 1 of the aaA genotype and the dominance h 2 of the AAa genotype). It seems, however, likely the average dominance in triploids is close to that in diploids [i.e., (h 1 1 h 2 )/2 ¼ h m % h], so that we would expect to be often close to the situation where there is a male/female conflict over the evolution of MCD. In these conditions, we would expect to find both types of endosperm (1m:1p and 2m:1p, see Figure 6 ). Consistent with this prediction, some angiosperms [in Nympheaceae, Hydatellaceae, Cabombaceae, Illiciaceae, Schisandraceae, Austrobaileyaceae, and Oenothera (Maheshwari 1963; Friedman 2001a; Williams and Friedman 2002; Friedman and Ryerson 2009) ] have a 1m:1p endosperm (DF, no MCD) and others a 2m:1p endosperm (other groups, both DF and MCD evolved).
DF and diploidy: It is worth comparing our models of DF evolution with models for the evolution of diploid life cycles (in particular, the model of Otto and Goldstein 1992, which is referred to hereafter as OG92 and is reinvestigated in appendix b). Following the OG92 model, the evolution toward diploid life cycles (2N) requires deleterious mutations to be recessive and recombination to be ''sufficiently large.'' In fact, these conditions are close to the conditions favoring DF when the expression of the modifier locus is maternal. We can compare these conditions in Figure 7 : all other parameter values being equal, the range of R and h values in which DF evolves is slightly wider, but comparable with the range of R and h values favoring 2N. In the two models (DF and OG92), the selection coefficient acting on the modifier can be decomposed into two terms, a direct and an indirect effect that are, superficially at least, comparable. In both models, direct selection favors diploidy when h , 1 2 , but for different reasons. In the OG92 model, the exposition of the deleterious alleles is always higher with 1N (full exposition) than with 2N (exposition at a level h). In the DF model, only maternal alleles are exposed. Thus, the average exposition is greater with ''haploidy'' (1m:0p) only if h , 1 2 . As we have already mentioned, this is compensated by the fact that, unlike in the DF model, 2N individuals have twice the chance to carry a deleterious mutation compared to 1N individuals. A second important difference is that, in the DF but not in the OG92 model, the direction and strength of indirect selection differ for paternally or maternally expressed modifiers. In the OG92 model, cisassociations between 2N modifier and deleterious mutations are always positive (in other words, modifiers of haploidy are found more often on purged chromosomes). In contrast, because of the asymmetry inherent to the DF model, where haploidy necessarily concerns maternally inherited alleles at the viability locus, purging of deleterious alleles causes positive cis-association only with maternally expressed modifiers. In other words, maternally acting modifiers of haploidy are found more often on purged chromosomes, while paternally acting modifiers of haploidy are found more often on nonpurged chromosomes. Overall, 2N and OG92 models are in fact quite different, in terms of both direct and indirect selection. In terms of parameter range, DF is necessarily favored if 2N is favored (the reverse is not true). This is consistent with the view that angiosperms have both evolved DF and the shortest haploid phase.
DF and imprinting: Our model of DF evolution can also be closely compared to some models of imprinting evolution (Spencer and Williams 1997) . Indeed, the evolution toward imprinting in animals can be viewed, at the level of a locus, as a transition from a diploid (1m:1p) to a functionally haploid state (0m:1p for maternal imprinting or 1m:0p for paternal imprinting). In the absence of double fertilization, only the maternally inherited haploid genome is expressed in the endosperm. This situation is therefore similar to a genomewide paternal imprint. More specifically, Spencer and Williams (1997) consider a two-locus model in which the primary locus determines embryo survival and is exposed to deleterious mutations and the second, a modifier locus, is maternally expressed (e.g., during female meiosis) and determines whether the maternal copy of the primary locus is imprinted or not in the embryo. This model would be comparable to a DF model with a paternal expression of the modifier locus. Indeed, in both cases the modifier is cis-acting, meaning that the allele causing silencing is on the same chromosome as the silenced allele (we define the trans-acting modifier as the reverse situation, where the allele causing silencing is not on the same chromosome as the silenced allele). In the DF model with paternal expression, the silenced allele is paternal (as in all DF models) and the control is also paternal. In the Spencer and Williams (1997) model, the silenced allele is maternal and the modifier is also controlled maternally. The comparison of our model with this model of imprinting highlights an important and possibly general feature of models for the evolution of gene expression. More than a maternal vs. paternal effect, the crucial issue is whether the modifier is cis-or trans-acting. It is much more difficult to evolve a cis-than a trans-acting silencing allele because indirect selection always benefits a modifier associated to purged chromosomes. In fact, for any given locus controlling the expression of genes exposed to deleterious mutations, there is a potential for conflict between its alleles. This conflict can occur if the modifier alleles do not have an additive effect (such as when there is a sex-limited expression of the modifier, but the phenomenon may be much more general).
Kin conflict vs. heterozygosity theory: A widespread view is that DF and MCD evolved in response to a kin conflict over resource allocation (Queller 1984; Dominguez 1995; Friedman 1995; Shaanker and Ganeshaiah 1997; Hardling and Nilsson 1999) . This theory relies strongly on the idea that embryos compete for maternal resources. In fact, this theory is appealing because it claims to explain quite generally the evolution of traits involved in postfertilization resource allocation in both plants (DF, MCD, and imprinting) and animals (imprinting). It is, however, mostly supported from observations related to imprinting (see, e.g., Dominguez 1995) . The central argument is that the male/female conflict theory predicts a male-female coevolution, which can be detected by distinctive adaptations and counteradaptations. There is, for instance, the well-known case of imprinting of the fetal growth factor Igf2 and its inhibitor Igf2r. Similarly, DF and MCD are viewed as steps in this male/female conflict in plants. There are two problems with this argument. First, what is interpreted here as the signature of a male/female conflict does not necessarily support the kin conflict theory since any theory involving an escalation would be consistent with this interpretation. For instance, our model shows that a male/female conflict can occur over the genetic constitution of the endosperm even in the absence of problems of resource allocation among kin. Second, under a conflict theory, we would expect to see, at least in some cases, an escalation of adaptations and counteradaptations. This is clearly not the case for the evolution of the ploidy of the endosperm: no plants exhibit, for instance, 2m:2p or 3m:2p endosperms, while nothing seems to limit a priori such escalation (contrary to the Igf2 and Igf2r system where the escalation is maximal: the expression of these genes is totally suppressed when inherited maternally or paternally, respectively). Our models show that, depending on parameter values, DF and MCD may be stable states (advantageous for both males and females), which might in fact more closely reflect the data. Thus, the available evidence does not critically favor one theory over the other. More specific tests would be required to discriminate between them.
Combining theories: The masking effects generated by DF and MCD could interfere with resource allocation to the seed. Willson and Burley (1983) proposed that DF, by masking deleterious mutations in the endosperm, should increase resource allocation to the associated seed (and favor the transmission of paternally inherited alleles). They viewed MCD as a return to a state closer to 1m:0p, which, by exposing deleterious mutations in the endosperm, should decrease resource allocation to the associated seed (and favor the transmission of maternally inherited alleles). This view attempts to bridge the different theories by linking heterosis in the endosperm with the amount of resource allocation to the seed. It may provide a mechanism explaining how DF and MCD could play a role in a male/female conflict over resource allocation. The first part of this argument holds, but could be stated more precisely. Provided h , 1 2 , DF increases transitorily the mean fitness in a 1m:0p population. (It is, however, not true at equilibrium where the load is higher in a 1m:1p population if h , 1 2 .) Similarly, the second part of the argument can hold, but only under specific conditions. MCD transitorily decreases the mean fitness in a 1m:1p population only if h , h m . This latter condition may, however, not be systematically verified. Overall, combining these two theories would require including them in a proper model, to investigate the conditions where they predict different and distinguishable outcomes. In any case, it seems necessary to include the impact of deleterious mutations because they necessarily occur and because they can produce similar patterns of genetic conflict.
Alternative nutritive tissues: Accumulating resources directly from an embryonic tissue (like cotyledons) or from a maternal or sporophytic tissue (like the seed coat) could be considered as an alternative to double fertilization. These tissues become predominant in the mature seed in some angiosperms, but the endosperm nearly always subsists, at least transitorily or as an interface. We may wonder why the endosperm is nearly always maintained in such cases. We can tentatively suggest two hypotheses. First, the endosperm can develop immediately after fertilization, while the development of a nutritive embryonic tissue would be constrained by the necessary steps of embryo development. Second, a sporophytic maternal tissue (1m1m9:0p) would confer a similar direct effect of masking but would lead to a very inefficient purge of deleterious mutations because it dissociates the genotype of the embryo from the phenotype on which selection occurs. Indeed, a deleterious m9 allele would decrease the survival of embryos not carrying the mutation, while a deleterious p allele would not be purged (because it is not expressed in a 1m1m9:0p perisperm) although it is transmitted to the next generation. Thus, one can see that selection should be more efficient in purging deleterious mutations with a 1m:1p than with a 1m1m9:0p nutritive tissue.
In some angiosperms, endosperms derived from polysporic gametophytes are alternatives to 1m:1p or 2m:1p endosperms. In a tetrasporic or a bisporic gametophyte, the endosperm can be made of m, m9, and p contributions (Friedman et al. 2008) . As with the perisperm, polyspory dissociates the genotype of the embryo from the phenotype on which selection occurs, so that purging would be less efficient with polyspory. However, compared with a monosporic endosperm (2m:1p) where the two maternal alleles are mitotically derived, a polysporic endosperm (1m1m9:1p, for instance) is unlikely to carry two deleterious maternal alleles, and aaA endosperms would be comparatively less frequent with polyspory. For this reason, masking of deleterious alleles would be more efficient with polyspory. A further development of our theory should therefore include a model to evaluate how these antagonistic direct (masking) and indirect (purging) effects combine and to predict conditions when polyspory should evolve.
Conclusion: Double fertilization and maternal contribution doubling can both evolve because of the masking/exposition of deleterious mutations. This theory is consistent with the pattern seen in seed plants as well as with the theory of kin conflict. Interestingly, our model also predicts that conflicting selection pressures for DF and MCD may occur in male and female gametophytes. The effect of deleterious mutations cannot therefore be neglected in a comprehensive theory of DF and MCD evolution.
